Information processing in the brain requires adequate background neuronal activity. As Parkinson's disease progresses, patients typically become akinetic; the death of dopaminergic neurons leads to a dopamine-depleted state, which disrupts information processing related to movement in a brain area called the basal ganglia. Using agonists of dopamine receptors in the D1 and D2 families on rat brain slices, we show that dopamine receptors in these two families govern the firing pattern of neurons in the subthalamic nucleus, a crucial part of the basal ganglia. We propose a conceptual frame, based on specific properties of dopamine receptors, to account for the dominance of different background firing patterns in normal and dopamine-depleted states. 
Neurons in several areas throughout the brain rhythmically fire action potentials. There are two stereotypic firing modes: regular, single spikes (known as "tonic" or "pacemaking" firing) and clusters of highfrequency spikes (called "burst" firing). These two firing modes may be sustained rhythms or appear singly. For example, in thalamocortical neurons, they are gated by modulatory inputs from the brain stem that convey information on the overall level of vigilance (1) . Sustained, large-scale, synchronized burst-firing is most commonly found in slow-wave sleep and, to a lesser extent, in somnolence and drowsiness, when little or no information is relayed by the thalamus. Tonic firing is mostly associated with vigilance and attention (2) (3) (4) . In addition, the two modes reflect different processing functions, where bursts appear as a unit of neural information (5, 6) . Bursting relies on specific cell-intrinsic mechanisms gated by sensory feedback and other inputs that carry information on extrasensory variables (7, 8) .
Pathological states involve inappropriate burst-firing (9) . Work in the last decade established burst-firing in basal ganglia as a hallmark of Parkinson's disease. Neurons in the component nuclei of patients and animal models of Parkinson's disease often sustain bursting in the absence of movement. Among the component nuclei, the subthalamic nucleus (STN) is in a pivotal position to influence movement. The STN is composed of glutamate-containing neurons that participate in the so-called "indirect" pathway of basal ganglia connections (10) . The STN receives inhibitory GABA input from the globus pallidus externa, and it receives excitatory glutamatergic inputs from cerebral cortex, the parafascicular nucleus of the thalamus, and the pedunculopontine nucleus (11) . In turn, the STN sends excitatory synaptic inputs to substantia nigra reticulata and globus pallidus interna, which are the main output nuclei of the basal ganglia (12) . The STN has long been implicated in movement disorders. For example, lesions to the STN are known to induce hyperkinetic movements such as chorea and hemibalismus (13) . Furthermore, deep brain stimulation of the STN has been found to alleviate symptoms of Parkinson's disease (14, 15) . In humans and in primate and rodent models of Parkinson's disease at rest, the STN shows a significant proportion of neurons in sustained burst-firing mode whereas single spike discharge is more prevalent in the normal state (16 -21) . The cause of the marked proclivity to burst-firing in the dopamine-depleted state is not known, nor why it is detrimental to movement. However, clinical improvement in Parkinsonian patients has recently been correlated to a shift from bursting activity to nonbursting discharge, further supporting the assertion that burstfiring in the STN plays a harmful role (22) .
In vitro, subthalamic neurons from normal animals display tonic firing: very few neurons spontaneously fire in bursts. All neurons express the same repertoire of calcium channels (23) , so the heterogeneity in firing modes arises from a difference in the efficiency of potassium channel activity (24) . A vast majority of neurons, however, switch from tonic to burst-firing mode under various conditions (25) (26) (27) (28) , suggesting that steady burst-firing is due to intrinsic properties. Furthermore, most neurons are intrinsically burst-competent under normal conditions, as they show stimulation-evoked bursts ("plateau potentials") or post-inhibitory rebound bursts, triggered by synaptic inputs (29, 30) or current injections (18, 24, 28, (31) (32) (33) (34) .
Our working hypothesis is that, in the normal state, the intrinsic properties underlying tonic firing are promoted while burst-firing is restricted to significant information processing and gated by relevant synaptic inputs. We further presume that dopamine depletion leads to expression of the intrinsic properties that enable burst-firing.
DOPAMINE RECEPTORS CONTROL SUBTHALAMIC FIRING IN VITRO
One key assumption of current models of the basal ganglia is that dopamine acts in the striatum, indirectly inhibiting STN firing activity by acting on D2 receptors (35) . However, dopaminergic fibers from the substantia nigra do innervate the STN in rodents, primates, and humans (36 -39) . Dopamine acts via five receptor subtypes (D1-D5) in two receptor families: D2 (D3, D2, and D4 subtypes) and D1 (D1 and D5 subtypes). All are prototypic of G-protein-coupled receptors (40) . A body of experimental results indicates that functional dopamine receptors are expressed in the STN but there is no agreement on the receptor subtypes (20, 21, (41) (42) (43) (44) .
For these reasons, we sought to shed light on receptors that are functionally active in the STN, using specific agonists in the two dopamine receptor families on brain slices. We previously showed that activating dopamine receptors strengthened electrical activity, both in single spike-generating neurons (45, 46) and in the subset of neurons with burst-firing capacity (34) . This resulted in an increased tonic-firing frequency as well as longer discharges of spontaneous or evoked bursts via actions on receptors in the D2 and D1 families, respectively. We now present additional results and propose a conceptual frame to account for the dominance of tonic firing in the normal state and the emergence of burst-firing in the dopamine-depleted state.
We first examined the action of agonists of dopamine receptors in the D1 and D2 families on driven firing. Subthalamic neurons give specific responses to short current pulses at hyperpolarized level. These are correlated to their capacity to generate bursts (in addition to single spikes) or single spikes only (25, 33, 34) . Upon stimulation, burst-competent neurons produce plateau potentials with action potentials at high frequency. Plateau potentials always outlast stimuli and resemble evoked bursts. In contrast, burst-incompetent neurons produce volleys of mostly regularly spaced spikes with a duration determined by the stimuli. Activating receptors in the D1 family only increased the firing frequency of such neurons (Fig. 1) . The mean firing rate in control was 39 Ϯ 4 Hz and 53 Ϯ 5 Hz in the presence of D1 agonists (nϭ6), while three other neurons displayed no change in firing rate. There was no other significant change. Coapplication of an antagonist of D1-like receptors, SCH 23390 (10 M), reversed these changes, indicating that D1 receptors were specifically activated. In contrast, activating receptors in the D2 family in burst-competent neurons led to several changes. It significantly reduced all the indexes of burst efficacy in 10 of 13 burst-competent neurons. The evoked-burst duration and number of action potentials fired per evoked burst were reduced and membrane potential was depolarized (Fig. 2) . Mean burst duration in control was 2.1 Ϯ 0.6 s. This value was markedly lower in the presence of quinpirole (1.4Ϯ0.4 s; nϭ10). There was also a significant reduction in the number of action potentials fired per burst (98Ϯ23 in control vs. 61Ϯ16; nϭ10) in the same neuron sample. The mean membrane potential change was ϩ2.9 Ϯ 0.8 mV (nϭ10). Receptors in the D2 family were specifically involved, as coapplication of the D2 antagonist sulpiride (3 M), together with quinpirole (10 M), returned the mean evoked burst duration to values that did not differ significantly from control values.
Taken together, our results show that activating dopamine receptors strengthens regular, single spike firing. The fact that firing during depolarizing pulses was altered by dopamine agonists suggests that spontaneous firing might also be altered by dopamine receptor stimulation. Specifically, our data indicated that using quinpirole to activate receptors in the D2 family might prevent spontaneous burst-firing.
Indeed, we found that the spontaneous firing patterns were altered in the expected way. Perfusion of D1 agonists increased the spontaneous firing rate (6.35Ϯ1.45 Hz vs. 4.15Ϯ0.77 Hz in control, nϭ12; three other neurons showed no change) without any other noticeable effect on the single spike discharge, including its regularity (see Fig. 3 ). In contrast, applying quinpirole to activate D2 receptors changed spontaneous burst-firing into tonic firing (Fig. 4) . This was accompanied by a clear membrane depolarization (ϩ7.6Ϯ0.9 mV, nϭ4; see the dotted line in Fig. 4) . One neuron was found to be unresponsive to quinpirole, showing no change in firing pattern or depolarization.
In summary, these results show that agonists in the D1 and D2 families promote pacemaking in the STN in two ways: 1) by potentiating the firing frequency of neurons that only exhibit tonic firing capacity and 2) by a change in firing pattern that leads to tonic firing in burst-competent and spontaneously burst-firing neurons.
FUNCTIONAL DOPAMINE RECEPTORS ARE EXPRESSED IN THE SUBTHALAMIC NUCLEUS
At least two-thirds of the neurons are sensitive to dopamine agonists for each family of receptors. This All neurons were neurons that were not capable of burstfiring since they did not switch to burst-firing with negative current injection nor did they display a plateau potential with depolarizing stimuli.
suggests that a significant proportion of subthalamic neurons express functional receptors from both families. Subtype(s) in the D2 family have yet to be identified, as the D2 agonists currently available discriminate poorly between subtypes of receptors in this family. Considering that burst-competent neurons only express D5 (and not D1) receptors (34), D5 and any of the D2/3/4 subtypes are likely to be coexpressed in a significant proportion of neurons.
Conversely, the relatively large number of neurons that are unresponsive to agonists in either family (one in three) suggests that differential responsiveness to dopamine constitutes a key feature of the STN. Figure 5 sums up all our findings. Activating receptors in the D1 family increases the frequency of tonic firing in pacemaking-only neurons (straight green arrow). This is also the case when D2 receptors are activated (45) . In addition, activating receptors in the D2 family has the crucial effect of turning burst-firing into a single spike firing pattern (rounded green arrow). Finally, D5 receptors potentiate burst-firing in burstcompetent and spontaneously bursting subthalamic neurons (34, blue arrow).
D1 AND D2 RECEPTORS PRODUCE SIMILAR CHANGES IN SUBTHALAMIC FIRING IN VITRO
It was recently demonstrated that electrical stimulation in the STN evokes a significant dopamine release, supporting the possibility that the dopaminergic tone is sufficient to activate receptors in the D1 and D2 families (39) . We propose that, in the normal state, concurrent activation of receptors in the D1 and D2 families promotes tonic firing. As burst-firing is a prerequisite to D5 action, we contend that D2 activation leaves no substrate for the D5 burst-potentiating action. In the normal state, therefore, the repertoire of actions induced by activating dopamine receptors is restricted to those shown by the green arrows (Fig. 6A) . Activating receptors in the D1 and D2 families leads to different actions that, however, ultimately produce strengthened tonic firing. Moreover, the crucial action of D2 receptors turns spontaneously burst-firing neurons into pacemaking neurons, as well as helping to maintain burstcompetent neurons in the tonic mode, thus preventing any major occurrence of burst-firing.
DOPAMINE-DEPLETED STATE: EMERGENCE OF BURST-FIRING
When motor symptoms appear in patients and animal models of Parkinson's disease, the death of nigral dopamine neurons is already massive, and basal dopamine tone in the striatum is very low (47) . A similar situation presumably occurs in the STN. The functional signature of D5 subtype receptors must be considered in this context. D5 receptors have the unique property of high agonist-independent constitutive activity (48 -51) . While the synergistic action of D1 and D2 receptors is not expected to be maintained in a dopaminedepleted state, a significant part of the burstpotentiating action of D5 receptors persists, as indicated by the blue arrow (Fig. 6B) . This not only causes intrinsic burst properties to emerge but also strengthens them.
We suggest that the emergence of burst-firing to the detriment of tonic firing contributes to the changes in temporal and spatial firing patterns in the basal ganglia fundamental to the pathophysiology of movement. One possibility is that, in a dopamine-depleted state, burst-firing loses its relevance to information processing. Responses to synaptic events may become equivocal if they are superimposed on background burst-firing promoted by persistent activity of the D5 receptors despite the lack of dopamine. Whether this is the case 
ously bursting at zero current level. It turned sustained burst-firing into regular, single spike firing. This was a persistent action (// indicates a 2 min interruption in the trace). The onset of change in firing pattern coincided with a small membrane depolarization, which was maintained in the same way as the new pattern. of subthalamic responses to GABAergic pallidal inputs involving rebound bursts (30) remains to be seen. However, there is experimental evidence to indicate this may be the case for glutamatergic messages from the cortex. Indeed, cortical inputs activate group 1 metabotropic glutamate receptors that evoke burstfiring (26, 28, 29, 52, 53) . The two main afferent pathways to the STN may therefore interact with intrinsic mechanisms that evoke bursts. In addition, there may be some inappropriate neuronal synchronization in the indirect network that reverberates in other basal ganglia nuclei as a result of the powerful synaptic activity produced by burst discharges. No overt neuronal synchronization was found within the basal ganglia in one of the primate models of Parkinson's disease (54) . However, task-and dopamine-related synchronized oscillatory activities have been recorded in several frequency domains, but their neural bases have not yet been elucidated (55) .
Bursting subthalamic neurons can be considered "inattentive" to synaptic inputs, in a way similar to bursting thalamocortical neurons. Dopamine converts burst-firing to single spike firing by causing a depolarization, thereby enabling subthalamic neurons to become "attentive" to synaptic inputs in the same way as activating neuromodulators in the thalamus. It is interesting to recall that whereas burst-firing coincides with bouts of slow-wave sleep in the STN of normal, nonanesthetized animals and is unaffected by GABA or glutamate receptors, it disappears in the waking state (56, 57) . Our hypothesis that dopamine enables focused synaptic integration of the STN must now be challenged in animal models of Parkinson's disease. This may be achieved at least partly by blocking the agonist-independent constitutive activity of D5 receptors in models derived from D1 and D5 knockout mice.
In summary, our studies suggest that D1-and D2-like dopamine receptors exert opposing influences on firing patterns in a subset of subthalamic neurons. Moreover, previous data suggest that D5 receptors may have constituent activity, therefore facilitating the burstfiring of subthalamic neurons in the absence of dopamine. We suggest that burst-firing may interfere with normal information processing, thus tending to exacerbate symptoms of Parkinson's disease. As D5 receptors may be constituently active in the STN, strategies that down-regulate these receptors may prove to be beneficial in the treatment of Parkinson's disease.
MATERIALS AND METHODS
Slice preparation and electrophysiological recordings have been described thoroughly elsewhere (34, 45) . Briefly, horizontal and coronal rat brain slices (300 -400 m thick) were used. Recordings were made using the blind patch-clamp technique in whole-cell configuration mode. Pipettes were filled with a solution containing (in mM): 130 K-gluconate and 10 mM NaCl, 11 EGTA, 10 HEPES, 1 CaCl 2 , 2 ATP-Mg, and 0.4 GTP-Na. In some experiments the main salt in the pipette medium was only K-gluconate (140 mM). APV (40 M), CNQX (10 M), and bicuculline methiodide (10 M) were added to the Krebs solution and continuously perfused in order to block rapid synaptic transmission. All our recordings came from naive neurons. Once a slice had been perfused with any of the dopaminergic agonists listed below, it was discarded. SKF 82958, SKF 81297, and SKF 38393 were used as D1 agonists, whereas quinpirole was used as a D2 agonist. We found that the three D1 agonists had a similar action and pooled the results obtained with all three drugs. Unless stated otherwise, the term D1 agonists refers to these three drugs. The dopaminergic agonists were found to be specific to receptors in the D1 or D2 family for the following reasons: 1) coapplying any of the D1 agonists (3-5 M) or the D1 antagonist SCH23390 (10 M) had no effect, 2) applying quinpirole (10 M) together with the D2 antagonist sulpiride (3 M) was ineffective, and 3) the antagonists in the D1 or D2 families reversed the action of the agonists in each family. APV and quinpirole were purchased from Sigma (Saint Quentin Fallavier, France), CNQX, SKF 81297, SKF 82958, and SCH 23390 were purchased from RBI (Saint Quentin Fallavier, France). Bicuculline and SKF 38393 were obtained from Tocris (Bristol, UK).
Data analysis
Each neuron served as both control and test: spontaneous firing or driven firing in response to 3-5 increasingly depo- Figure 6 . Dopamine receptors set the pattern of activity generated in subthalamic neurons. A) Dopamine promotes regular, single spike firing receptors. In the normal state, dopamine activates receptors in the 2 families. However, activation of D2 receptors turns burst-firing into regular, single spike firing, thereby preventing any significant burstpotentiating action of D5 receptors. B) Dopamine depletion: emergence of burst-firing. In pathological states where dopamine levels are depressed, dopamine receptors are no longer activated by their natural ligand. As a consequence, the assenting actions of D1 and D2 receptors disappear. Regular, single spike firing is not promoted anymore. An exception to the lack of action of dopamine receptors is due to the high agonist-independent activity of D5 receptors. This causes burst-firing to come out. larizing and hyperpolarizing steps were always recorded first in control, then in the presence of a dopaminergic agent. Percentage changes in the following parameters were calculated: spontaneous firing frequency, duration, and number of action potentials, as well as duration of plateau potentials, if appropriate. Absolute membrane potential values are given to reflect the small changes. All parameters were compared using the Wilcoxson matched-pairs signed ranks test. Values of P Ͻ 0.05 were considered significant. Box plots were used for graphic presentation of the data due to the small sample sizes. In the results, values are given as mean Ϯ se, when means are close to medians. Otherwise, median values are given. Figures show truncated spikes. This work was funded by grants from CNRS, the USPHS (NS38715), University Victor Segalen, and the Aquitaine Region. J.B. received a doctoral fellowship from the Regional Council of Aquitaine. A.I.T. is on the Faculty of Pharmacy of the University V. Segalen.
